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In t roduct ion  

Carefu l ly  designed experiments ,  a l l i e d  wi th  thermochemical k i n e t i c s  a n a l y s i s  
(1) of r e a c t i o n  mechanisms have l e d  t o  u s e f u l  working models of complex process  
such as hydrocarbon p y r o l y s i s ,  a tmospheric  chemistry and combustion. A 
comparable understanding of even t h e  b a s i c  chemical f e a t u r e s  of  c o a l  conversion 
h a s  n o t  y e t  been developed. 
k i n e t i c s  approach, t h i s  work is intended t o  l e a d  t o  e f f e c t i v e ,  s e m i q u a n t i t a t i v e  
chemical models f o r  a s p e c t s  of coa l  p y r o l y s i s ,  polymerizat ion,  hydrogenat ion and 
l i q u e f a c t i o n .  

understanding (2) and p r e d i c t i v e  t o o l s  (1) f o r  f r e e  r a d i c a l  k i n e t i c s  and 
thermochemical es t imat ion  methods f o r  aromatic  subs tances  (3, 4 )  and f r e e  r a d i c a l s  
( 5 ) .  
condi t ions  as p o s s i b l e  wi th  t h e  a i m  of q u a n t i t a t i v e  d e s c r i p t i o n  us ing  elementary 
k i n e t i c s  models. 

conversion r e a c t i o n s  have been repor ted  ( 6 ) .  The p r e s e n t  program is not  intended 
t o  s imula te  coa l  r e a c t i o n s ,  b u t  t o  r e v e a l  c h a r a c t e r i s t i c  r e a c t i o n  pathways i n  
thermal  aromatic  chemistry and t h e i r  k i n e t i c  p r o p e r t i e s ,  w i t h  t h e  a i m  t o  e v e n t u a l l y  
e x t r a p o l a t e  t h e  r e s u l t s  t o  coa l  r e a c t i o n s .  Two aspec ts  of t h i s  program are 
repor ted  h e r e  along with some s p e c u l a t i o n s  on c o a l  chemistry.  

Experimental 

tube heated i n  a n  aluminum block oven. Temperature s t a b i l i t y  and accuracy were 
- + 1°C. 
t o  r e a c t i o n  dura t ion  (15 min - 48 hours) .  S o l i d s  were p u r i f i e d  by r e c r y s t a l l i z a t i o n  
and subl imat ion and g e n e r a l l y  found t o  be 99.9% pure  by gas  chromatography (gc) .  
T e t r a l i n  was p u r i f i e d  by d i s t i l l a t i o n  i n  a sp inning  band column. GC was t h e  
primary a n a l y t i c a l  t o o l  wi th  benzene and ace tone  used as s o l v e n t s  f o r  r e a c t i o n  
mixtures .  Hydrogen, methane and benzene were determined v i a  m a s s  spectrometry.  
I n d e n t i t i e s  of products  wi th  r e t e n t i o n  times up t o  t h a t  of phenanthrene were 
determined by c o i n j e c t i o n  on a WCOT SE-30 g l a s s  c a p i l l a r y  column. 
were determined on OV-101 and FFAP g l a s s  columns using temperat ive programming. 
Most k i n e t i c  analyses  were c a r r i e d  o u t  on packed OV-101 g l a s s  columns. A 
more complete account of t h e s e  experiments is under prepara t ion .  The gas  phase 
decomposition r a t e  of 1 , 2  diphenylethane (12DPE) was determined us ing  very low 
p r e s s u r e  p y r o l y s i s  methods (7) .  

Homolytic Bond Cleavage (R-R' -f R. + R ' * )  

regarded as a major f i r s t  s t e p  i n  c o a l  l i q u e f a c t i o n  and p y r o l y s i s .  Therefore ,  
i t  i s  c l e a r l y  u s e f u l  t o  b e  a b l e  t o  r e l i a b l y  e s t i m a t e  r a t e s  of bond c leavage  f o r  
bonds l i k e l y  t o  be present  i n  c o a l  conversion.  
e s t i m a t e  rates of  such cleavage i n  t h e  gas-phase f o r  a wide v a r i e t y  of  chemical  
bonds using a v a i l a b l e  thermodynamic and k i n e t i c  d a t a  (1, 8 ) .  While i t  i s  
commonly assumed t h a t  such rate cons tan ts  a r e  roughly t h e  same i n  condensed 
phases  a s  i n  the  gas-phase: t h i s  assumption has  been w e l l  t e s t e d  only  f o r  
peroxide decomposition a t  < 200" (9). 

Using a combined experimental  and thermochemical 

The t h e o r e t i c a l  foundat ion f o r  t h i s  research  is the  well-developed 

Experiments determine r a t e s  of product  evolu t ion  over  a s  wide a range of  

Numerous u s e f u l  experiments using "model" compounds t o  s imula te  c o a l  

A l l  l iquid-phase r e a c t i o n s  w e r e  c a r r i e d  o u t  i n  a s e a l e d ,  evacuated pyrex  

Heat-up and cool-down t i m e s  were g e n e r a l l y  n e g l i g i b l e  (< 2 min) r e l a t i v e  

Other products  

Simple cleavage of covalen t  bonds t o  genera te  two f r e e  r a d i c a l s  i s  commonly 

It i s  p o s s i b l e  a t  p r e s e n t  t o  
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TO d i r e c t l y  test  t h e  accuracy of t h e  above assumption, r a t e  cons tan ts ,  kfi, 
of bond s c i s s i o n  f o r  lZDPE, benzyl  phenyl e t h e r ,  benzyl  phenyl amine and benzyl 
phenyl s u l f i d e  were determined i n  t e t r a l i n  s o l u t i o n  and compared t o  corresponding 
gas  phase rate c o n s t a n t s ,  kg. 
assumption i s  good. 

pressure  p y r o l y s i s  w a s  employed t o  f i n d  kg(12DPE)/s' = 2.9 a t  650°C. 
assuming a c e n t r a l  C-C bond s t r e n g t h  of 61 kcal /mol  i n  l2DPE (lo), log  kg (12 DPE)/s-'= 
14.9 - 61000/4.58 T .  
kg (12DPE) us ing  l i t e r a t u r e  d a t a  f o r  r e l a t e d  compounds (11). 

f r a c t i o n  of t e t r a l i n  between 0.8 and 0.95.  The d i s s o c i a t i o n  of 12DPE w a s  
ex tens ive ly  s t u d i e d  from 325-425°C (Figure  l ) ,  and kfi (12DPE)/s-' = 16-64800/4.58 T.  
The mechanism o f  t h e s e  r e a c t i o n s  was c o n s i s t e n t  w i t h  t h e  fol lowing 
(X = CH2,  0, NH, S): 

A s  shown i n  Table I ,  t h e  r e l i a b i l i t y  of t h i s  

Gas phase rate c o n s t a n t s  were determined i n  t h e  fol lowing manner. Very-low 
By 

For t h e  remaining substances,  kg was es t imated  r e l a t i v e  t o  

Liquid phase ra te  c o n s t a n t s  were determined i n  t e t r a l i n  wi th  t h e  mole 

PhXCH,Ph -+ Ph: + P h b H , ,  r a t e  c o n t r o l l i n g ,  . 
(Ph:, PhtHz) + a + (PhXH, PhCH.) + a 
(Pht ,  PhEH) + a coupl ing,  

@J) - ++@ 

I n  support  of  t h i s  mechanism, t h e  disappearance of PhXCHzPh was f i r s t  o r d e r  wi th  
r e s p e c t  t o  t i m e  and independent  of  t h e  i n i t i a l  concent ra t ion  of PhXCH2Ph. The 
coupl ing  pathway w a s  g e n e r a l l y  minor, and decreased wi th  i n c r e a s i n g  temperature. 
1,2 Dihydronaphthalene w a s  always seen a s  a r e a c t i o n  in te rmedia te ,  whi le  1 ,4-  
dihydronaphthalene could  not  be  de tec ted .  

Rate c o n s t a n t s , - k ,  (or  h a l f - l i v e s ,  TL = ln2/k)  f o r  a wide v a r i e t y  of bond 
s t r u c t u r a l  types  can now be est imated w i t 6  reasonable  accuracy,  and some s e l e c t e d  
examples are given i n  Table  3. Of s p e c i a l  n o t e  i s  t h e  p r e d i c t i o n  that under 
condi t ions  where c o a l  begins  t o  decompose (- 400°C) t h e  only  bonds t o  apprec iab ly  
c l e a v e  a r e  t h o s e  t h a t  genera te  two resonance s t a b i l i z e d  r a d i c a l s .  

1 , 2  Diphenylethane P y r o l y s i s  

necessary t o  understand t h e  chemistry of "simple" systems a s  completely and 
unambiguously as p o s s i b l e .  
f o r  t h e s e  s t u d i e s  s i n c e ,  on paper ,  i t  appeared t o  have a s t r a i g h t f o r w a r d  
decomposition pathway, and s e v e r a l  r e l e v a n t  r a t e  cons tan ts  have been measured 
i n  s o l u t i o n  ( 2 ) .  
i n t e r v a l s  over  t h e  temperature  range 325-45OoC. 
s e l e c t e d  products  are given i n  Figure 2.  Through 
a n a l y s i s  v i a  thermochemical k i n e t i c s  techniques and computer models t h e  mechanism 
given  in Figure  3 h a s  been deduced. 

r a d i c a l  scheme. 

d i s p r o p o r t i o n a t i o n  ( s t e p  3b). This is similar t o  t h e  behavior  o f  t h e  r e l a t e d  1- 
phenylethyl  r a d i c a l  (2) .  

v i a  r a d i c a l  coupl ing  ( s t e p  3a) followed by a n  H atom a b s t r a c t i o n  ( s t e p  4 ) .  

rearrangement (2)  fol lowed by an H-atom a b s t r a c t i o n  from 1ZDPE. 

i somer iza t ion  involv ing  s e v e r a l  H-atom s h i f t s .  

k i n e t i c s  c o n s t r a i n t s  have been deduced f o r  t h i s  mechanism and h a s  been found t o  
adequately p r e d i c t  pr imary product  formation rates up t o  -60% decomposition. A 

To develop an understanding of t h e  chemistry of  complex systems, i t  i s  f i r s t  

The p y r o l y s i s  of l2DPE w a s  chosen as a s t a r t i n g  poin t  

A complete product  a n a l y s i s  has  been c a r r i e d  o u t  a t  25' 
Resul t s  a t  375'12 f o r  t h e  

Some noteworthy f e a t u r e s  a r e :  
(1) 

(2) Combination of  l2DPE r a d i c a l s  ( s t e p  3a) i s  favored by 5 3 over  

A l l  f e a t u r e s  of  t h e  r e a c t i o n  can b e  reasonably i n t e r p r e t a t e d  by a f r e e  

(3) A major  pathway f o r  trans-1,2-diphenylethene ( t - s t i l b e n e )  product ion i s  

( 4 )  1,l diphenyle thane  r e s u l t s  from an u p h i l l  (AG - 11 kcal/mol) "neophyl" 

(5) 

A set of rate c o n s t a n t s  c o n s i s t e n t  wi th  l i t e r a t u r e  va lues  and thermochemical 

The format ion  of phenanthrene is  hypothesized t o  occur  through a n  unusual 
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good mass balance has  been achieved,  and l i t t l e  e f f e c t  on product  formation upon 
i n c r e a s i n g  s u r f a c e  a r e a  has  been found. 

Impl ica t ions  f o r  Coal Chemistry 

chemical k i n e t i c s ,  c e r t a i n  s p e c i f i c  f e a t u r e s  of c o a l  conversion chemistry may b e  

The f i r s t  cova len t  bonds t o  homolyt ica l ly  c leave  upon h e a t i n g  c o a l  a r e  

... f .  I n  f a c t ,  under normal l i q u e f a c t i o n  condi t ions  (7 450°C) 

Based on experimental  evidence i n  non-coal systems, and f r e e  r a d i c a l  thermo- 

'\ suggested . 
(1) 

thpse t h a t  genera te  two resonance s t a b i l i z e d  r a d i c a l s  (e .g . ,  benzyl  r a d i c a l s ,  

@ ++$ * 
such bonds w i l l  be v i r t u a l l y  the  only bonds t o  break i n  t h i s  manner. Other 

can be  expected t o  a b s t r a c t  benzyl ic  H-atoms, thereby producing resonance s t a b i l i z e d  
r a d i c a l s .  Hence, t o  a l a r g e  e x t e n t ,  t h e  free r a d i c a l  chemistry o f  c o a l  i s  
determined by t h e  chemistry of resonance s t a b i l i z e d  r a d i c a l s .  

Modes of bond r u p t u r e  o t h e r  than s imple bond cleavage may b e  very  
s i g n i f i c a n t  i n  coa l  r e a c t i o n .  Two w e l l  known f r e e  r a d i c a l  pathways, 8-bond 
s c i s s i o n ,  

and f r e e  r a d i c a l  displacement 

\ r e a c t i o n  pathways may g e n e r a t e  more r e a c t i v e  organic  f r e e  r a d i c a l s ,  however, t h e s e  

(2) 

PhCCCPh PhECCPh + PhC=C + *CPh (2) 

".+A + *K + A  + R. ( 3 )  
\ occur in l2DPE (and many o t h e r )  pyro lyses .  The thermal  i n s t a b i l i t y  repor ted  f o r  

t h e  compounds PhCCCPh, PhCCCCPh, PhCOCC i n  t e t r a l i n  (6b) a r e  l i k e l y  due t o  
chain r e a c t i o n s  involving sequence (2) .  

( 1 2 )  i n  c o a l  conversion,  i t  might be  surmised t h a t  f r e e  r a d i c a l  i somer iza t ions  
take p l a c e  under coa l  conversion condi t ions  which a r e  n o t  observed i n  convent iona l  
s o l u t i o n  phase f r e e  r a d i c a l  experiments .  In  f a c t ,  t h e  mechanism of F igure  3 
c o n t a i n s  two such r e a c t i o n s  of t h e  l2DPE r a d i c a l  i n  s t e p s  5 and 6 .  I somer iza t ion  
of t e t r a l i n  and r e l a t e d  s t r u c t u r e s  has  been repor ted  by s e v e r a l  workers 
A l i k e l y  pa th ,  f o r  ins tance ,  f o r  t e t r a l i n  i somer iza t ion  t o  1-methyl indane (6f )  
i s  through t h e  t e t r a l y l  r a d i c a l  : . 

( 3 )  I n  view of t h e  r e l a t i v e l y  high temperatures  and f r e e  r a d i c a l  c o n c e n t r a t i o n s  

S imi la r  i somer iza t ions  can l e a d  t o  s t r u c t u r e s  which are thermally l a b i l e .  
For i n s t a n c e ,  a decomposition r o u t e  f o r  a s u b s t i t u t e d  t e t r a l i n  s t r u c t u r e  i n  coal  
might be  dR z q  dR + + R* 

Hence, hydroaromatic s t r u c t u r e s  i n  c o a l  no t  on ly  a c t  as H-donors, bu t  may a l s o  
lead  t o  r a d i c a l  induced bond cleavage.  

donor s o l v e n t s  cannot be  explained simply by i t s  r a t e  of r e a c t i o n  with f r e e  
r a d i c a l s  (6d) .  Two o t h e r  f a c t o r s  concerning h igh  temperature ,  f r e e  r a d i c a l  
r e a c t i o n s  of t e t r a l i n  may h e l p  e x p l a i n  its s p e c i a l  s o l v e n t  p r o p e r t i e s .  

be  transformed t o  a subs tance  s t a b l e  under c o a l  conversion condi t ions .  For 
i n s t a n c e ,  diphenyl  methane and methyl naphthalene a r e  e f f e c t i v e  low temperature  
f r e e  r a d i c a l  t r a p s ,  however, a t  e leva ted  temperatures  t h e  r a d i c a l s  formed upon 
l o s s  of H-atoms from t h e s e  molecules cannot  be  permanently terminated.  
r a d i c a l s  w i l l  r a p d i l y  b u i l d  up i n  concent ra t ion  and a c t  as H-atom a c c e p t o r s  from 
c o a l  molecules. In support  of t h i s  idea ,  w e  have found t h a t  5 : l  mixtures  of 
diphenyl  methane:lZDPE a t  40OoC react v i r t u a l l y  t h e  same as does pure 12DPE a t  

(4)  The unique a b i l i t y  of t e t r a l i n  and r e l a t e d  compounds t o  a c t  a s  e f f e c t i v e  

F i r s t ,  t o  i r r e v e r s i b l y  t r a n s f e r  H-atoms t o  r a d i c a l s ,  t h e  donor s o l v e n t  must 

These 
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t h i s  temperature .  Despi te  t h e  f a c t  t h a t  PhCPh r a d i c a l s  a r e  undoubtably t h e  
predominant r a d i c a l s  i n  t h i s  system, t h e s e  r a d i c a l s  w i l l  simply b u i l d  up i n  
concent ra t ion ,  and a b s t r a c t  H-atoms from12DPE. Substances such a s  e t h y l  naphthalene 
and indane a r e  a l s o  not  expected t o  be as e f f e c t i v e  a s  t e t r a l i n ,  s i n c e  t h e i r  
dehydrogenated molecules  c o n t a i n  r e a c t i v e  syrene- l ike  s t r u c t u r e s  which may be  
e i t h e r  reduced by c o a l  back t o  t h e  s t a r t i n g  subs tance ,  o r  a i d  i n  t h e  polymerizat ion 
of c o a l .  

r e a c t i v e  i n t e r m e d i a t e  q, 
26 kcal /mol  ( 5 ) .  By comparison t h e  weakest C-H bond i n  is 48 kcal/mol. 

This  r a d i c a l  w i l l  l o s e  an H-atom which can be q u i t e  e f f e c t i v e  i n  depolymerizing 
c o a l  therough displacement  r e a c t i o n s  (e .g . ,  8b i n  Figure 3) .  

Conclusion 

A second, r a t h e r  unique proper ty  of t e t r a l i n - l i k e  s t r u c t u r e  i s  t h e  poss ib le  
, i n  which t h e  weak C-H bond s t r e n g t h  i s  only 

H H .  

For t h e  l iquid-phase thermal  decompositions s t u d i e d ,  f r e e  r a d i c a l  pathways 
appear  capable  of e x p l a i n i n g  even t h e  f i n e s t  d e t a i l s  i n  a t  l e a s t  a semiquant i ta t ive  
manner. 

c o a l  r e a c t i o n s  a r e  n o t  p r i m a r i l y  f r e e  r a d i c a l  i n  n a t u r e .  In any c a s e ,  f u r t h e r  
complete s t u d i e s  of c o a l - r e l a t e d  p y r o l y t i c  systems w i l l  i n d i c a t e  not  on ly  
l i k e l y  modes o f  c o a l  r e a c t i o n  v i a  f r e e  r a d i c a l  k i n e t i c s ,  but w i l l  a l s o  r e v e a l  
c o n t r i b u t i o n s  from i o n i c ,  molecular  o r  heterogeneous pathways. 
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I 

Table I. Comparison of D i s soc ia t ion  Rate Cons tan ts  i n  Gas-Phase and Liquid  ( t e t r a 1 i n ) -  
Phase 

l o g  kg ( e s t ’d ) / s - ’  kg (exper)/s-’  a t  T kg/kg a t  T 

PHCH,CH,Ph 15.08-61000/4.58 T l . O 2 ~ l O - ~  a t  40OoC 0.54 

PhOCH,Ph 15.58-52800/4.58 T 3.0 x lo-’ a t  30OoC 1.08 

PhNHCHzPh 15.28-5760014.58 T 4.4 x io-’ a t  375°C 0.61 

PhSCH,Ph 15.58-52700/4.58 T 1 .04x10-’  a t  30OoC 0.34 

Table 11. Liquid Phase Bond Dis soc ia t ion  Rate Cons tan ts ,  kg, and Half-Lives T1 
(e = 4.58 T / ~ O O O )  

- 
2 

c c  
PhCJCPh 

c c  

c c  
P hClCP h 

PhCHzfCHZPh 

8CHz(CH2Ph 
8 

l o g  kk/s-la 

16.7-54. 2/gb 

b 16.3-60.6/9 

b 16.0-62.2/8 

d 16.8-57.619 

-cl (400°C) 
2 

5 sec dzPh 
20 min PhO(CHzPh 

21 h r  

0 
I1 

3 h r  PhCfCHzPh 

1 h r  

16.4-55.0/eb 20 s e c  

l6.0-63.3/Od 69 hr 

16.0-70.8/eb 78 days 

l6.0-65.8/ed 44 h r  

aUpon s u b s t i t u t i o n  of an a l k y l  group f o r  Ph, k i s  reduced by -LO3 a t  400” and -370 

a t  500°C; k = Ae-E/RT,  A i s  a c c u r a t e  t o  f a c t o r  of  10, E i s  a c c u r a t e  5 5  kcal/mol,  
k is accura t e  t o  f a c t o r  of 5 ( e r r o r s  i n  A and E a r e  c o r r e l a t e d ) .  

bDerived from gas-phase d a t a  from l i t e r a t u r e  ( s e e  t e x t ) .  

‘Derived from Figure  1. A l l  o the r  k va lues  a r e  der ived  from t h i s  va lue  by c o r r e c t i n g  
f o r  d i f f e r e n c e s  i n  E and A ( r e fe rence  1 ) .  

dDerived from gas-phase d a t a  determined i n  our l a b .  
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1 0 ~ 1 ~ 1 ~  

Figure 1. Arrhenius  p l o t  f o r  1 , 2  d ipheny le thane  d i s s o c i a t i o n  i n  tetralin 

-1 

-2 

-3 

5 1 0  
t i m e l h r  

F igu re  2 .  Product  e v o l u t i o n  i n  1 , 2  d ipheny l  e thane  p y r o l y s i s  a t  375OC. 
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Figure 3 .  Mechanism of 1 , 2  diphenylethane (Ph = phenyl, R* = PhCHCHzPh) P y r o l y s i s  
(Observed Products  are Underlined.) 

Major Pathways 

(1) PhCHzCHzPh -f 2PhEHz 
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PhCHCH zPh PhCHCH zPh 

A. b 

Ph Ph ( 5 )  PhEHCHz d -a Ph Ph 

Minor Pathways 

(6)  PhtHCH2Ph 
a 4 

-H 

( 7 )  PhEHCH2Ph -f PhCH=CHPh + H 

a 
(8) H + PhCHzCHzPh y H. + PhcHCH2Ph 

k phH + PhCHztH2 PhCHzCH3 

PhCH 
I 

( 9 )  Ph;HZ + Ph?,HCHzPh -f PhCHCH,Ph 
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